Article focus
=============

-   This study attempted to determine if readily available commercial artificial bone substrates produce results similar to those from osteoporotic cadaveric femoral heads in the testing of orthopaedic implants, by testing an artificial bone substrate suggested in the literature to demonstrate mechanical properties in the range of osteoporotic cancellous bone

Key messages
============

-   Artificial bone substrate with a density of 0.16 g/cm^3^ produces similar results to those that were observed with the osteoporotic cadaveric femoral heads, with similar force displacement curves and peak forces. Therefore this material can be considered as a good substitute for osteoporotic bone when testing orthopaedic implants

-   Although the artificial bone substrate with a density of 0.16 g/cm^3^ may be a good substitute for bone, we do recognise that studies conducted with it may need to be validated by further tests with cadaveric bone to produce indisputable results. However, by conducting the initial aspect of a study with the 0.16 g/cm^3^ material, the samples of cadaveric bone required may be greatly reduced

Strengths and limitations
=========================

-   One of the strengths of this study is that it provides evidence that the artificial bone substrate tested produces results that are consistent with those achieved with a cadaveric bone sample

-   Literature on the simulation of osteoporotic bone for mechanical testing is sparse and this study may offer guidance to researchers planning biomechanical studies using osteoporotic bone

-   One of the limitations of this study was in the sourcing of the femoral heads, as it proved difficult to get sufficient numbers of suitable osteoporotic femoral heads, due to a variety of reasons

Introduction
============

Biomechanical testing of implants plays a vital role in the evaluation of any new implant technology.^[@r1]^ Obtaining fresh disease-free cadaveric bone to be used in mechanical testing of orthopaedic implants is difficult and can be extremely expensive.^[@r2]^ Another problem is that cadaveric specimens are not uniform, resulting in the inclusion of specimens with vastly heterogeneous bone quality and strength.^[@r3]-[@r5]^ Large variations have been noted in the shape and material properties of cadaveric bone, with sds in excess of 100%.^[@r2]^ Ranges in the age and degree of osteoporosis of cadaver specimens can also partially account for the variability in mechanical properties.^[@r4],[@r6]^ Therefore, this variability in the geometric and material properties of cadaveric specimens often requires prohibitively large sample sizes in order to detect statistically significant differences in implant performance.

With constraints regarding availability, handling and reproducibility of cadaveric specimens, bone surrogate models have been introduced for mechanical testing of fracture fixation implants.^[@r3],[@r4],[@r7],[@r8]^ These specimens, such as Sawbones composite bones (Malmö, Sweden) exhibit known mechanical characteristics with minimal variation, allowing statistically valid comparisons to be made with much smaller sample sizes. It is widely accepted that the performance of fracture fixation, including mechanisms of failure, differ between strong and weak bone.^[@r9]-[@r11]^ Several studies have confirmed that current bone surrogates possess mechanical properties adequate to evaluate the performance of implants in normal bone.^[@r3],[@r4],[@r7],[@r8]^ The mechanical properties of composite femora have been shown to fall well within the range for cadaveric specimens, with no significant differences being detected between the synthetic femurs and cadaveric femurs.^[@r3]^ The inter-femur variability for the composite femurs was between 20 and 200 times lower than that for the cadaveric specimens, thus allowing smaller differences to be characterised as significant using the same sample size, with the use of composite femora.^[@r3]^

With the aim of providing a uniform test base, artificial bone substrates in the form of polyurethane foam blocks have also been developed.^[@r2]^ These materials can be sourced in different densities with varying associated predetermined mechanical properties. These materials are manufactured to provide consistent and uniform -materials with properties in the range of human cancellous bone.

The objective of this study was to determine if a synthetic bone substitute could provide results similar to those from bone from cadaveric osteoporotic femoral heads when testing orthopaedic implants. The implants tested for the purpose of this study were the dynamic hip screw (DHS) and the DHS Blade (both Synthes GmbH, Zuchwil, Switzerland), which are used in the treatment of intertrochanteric fractures.

Materials and Methods
=====================

Ethical approval for this study was obtained from the -ethics committee within the hospital and the university.

The lag screw elements of the DHS screw and the DHS Blade were chosen as the test implants, as these are inserted into osteoporotic femoral heads during the fixation of intertrochanteric fractures. A factor in choosing these devices was that a supply of osteoporotic femoral heads should be available as these can be obtained after hemiarthroplasty for intracapsular fracture of the femoral neck.

Polyurethane foam blocks (Sawbones) were chosen to be the artificial bone substrates. These blocks were 180 mm in length, 130 mm in width and 40 mm in depth. Blocks of two different densities were used (0.16 g/cm^3^ (block A) and 0.08 g/cm^3^ (block B)), as these were two densities described as having properties in the range of osteoporotic bone.^[@r12]^ Patel et al^[@r12]^ concluded that the material with a density of 0.08 g/cm^3^ was more brittle than osteoporotic bone and that the 0.16 g/cm^3^ material was a good alternative for *in vitro* testing of osteoporotic bone. The mechanical properties of both these materials are documented in Table I.

###### 

Mechanical properties of the polyurethane test blocks

             **Compressive**        **Tensile**         **Shear**             
  --- ------ ----------------- ---- ------------- ----- ----------- -- ------ -----
                                                                              
  A   0.16   2.2               58                 2.1   86             1.6    19
  B   0.08   0.60              16                 1.0   32             0.59   7.1

The femoral heads used in our study were harvested from patients who had undergone a hemiarthroplasty at Midwestern Regional Hospital, Limerick, for a fracture of the femoral neck and were classified as osteoporotic on that basis. The 12 femoral heads were taken from 12 patients (nine female and three male) with a mean age at operation of 75 years ([sd]{.smallcaps} 9.66). Protocol for tissue -storage was followed after harvesting the femoral heads and they were stored in a bone bank at -80° until required for testing. The femoral heads also underwent dual\--emission X-ray absorptiometry (DEXA) scanning prior to testing, in order to determine their bone mineral density (BMD, g/cm^2^). An equal number of femoral heads were initially obtained for testing with each implant group and were assigned to each implant after DEXA scanning, so that an equal number of femoral heads of similar density would be tested with each implant. However, difficulties encountered during testing and the limited supply of specimens of bone resulted in unequal numbers of femoral heads in each group at the end of testing. Some femo-ral heads being damaged at time of extraction and were therefore unsuitable for testing, and on other occasions problems were encountered when securing the femoral heads in the customised testing rig. If a problem was encountered that was considered to affect the results of testing, the femoral head was discarded.

Pushout studies were chosen as the experimental protocol for this study as they are a good representation of the most common mode of failure with these implants in clinical practice, which is 'cut-out' or migration of the implants through the femoral heads until failure.^[@r13]^ This has been documented in the literature with previous studies using pushout tests to investigate implant performance in relation to the treatment of intertrochanteric fractures.^[@r14]-[@r16]^ Pushout studies involve pushing each implant through the test material and recording the corresponding force-displacement curves produced.

Pushout studies were performed in the osteoporotic femoral heads and in the polyurethane blocks A and B. With the cadaveric femoral heads, both implants were inserted as per clinical practice, with the femoral heads being reamed and tapped to the correct depth for the DHS and the DHS Blades being tapped into the correct position. They were both placed within the bone to a target tip apex distance of 25 mm.

All the polyurethane test blocks were 40 mm in depth and each implant was inserted to a depth of 30 mm. For the DHS each test block was reamed and tapped to 30 mm with the DHS inserted to the same depth. The DHS blade was tapped into each test block to a depth of 30 mm as per manufacturers' instructions.

In order to perform the pushout tests, the implants with either the synthetic bone blocks or the femoral heads were mounted on a Tinius Olsen testing machine (Tinius Olsen Ltd, Redhill, United Kingdom), as shown in Figure 1. Testing was standardised and conducted at a rate of 2 mm/min. Tests were stopped after either dramatic failure or when displacement \> 7 mm was measured. Individual force displacement curves were recorded for each test. For comparative purposes, trendlines were created for each group tested by fitting a sixth-order polynomial curve to the force displacement curves for each group tested.

![Photograph showing the experimental set-up for pushout testing of the implant in a synthetic bone construct.](2000044-galleyfig1){#f1}

Results
=======

The results from testing using the DHS implant are shown in Table II. The mean peak forces reached in block A and in the femoral heads were similar (1035 N ([sd]{.smallcaps} 46) and 1377 N ([sd]{.smallcaps} 406.5), respectively), while the mean peak force reached in block B was much lower (305 N ([sd]{.smallcaps} 28)). The force displacement curves for all three materials tested with the DHS reached their peak forces at similar mean displacements of 1.48 mm ([sd]{.smallcaps} 0.12), 1.2 mm ([sd]{.smallcaps} 0.14) and 1.5 mm ([sd]{.smallcaps} 0.41) for block A, block B and the femoral heads, respectively. The force displacement curves for the three materials is shown in Figure 2a. The osteoporotic cadaveric femoral heads and block A produce similar curves, whereas block B produces a curve depicting substantially lower values than those achieved with the cadaveric femoral heads.

###### 

Force--displacement curves for the pushout tests involving a) the dynamic hip screw (DHS) and b) the DHS Blade in cadaveric femoral heads and -synthetic bone constructs with densities of 0.16 g/cm^3^ (block A) and 0.08 g/cm^3^ (block B).
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###### 

Peak forces and distance to peak force for the dynamic hip screw (DHS) and DHS Blade in test blocks A and B and in the femoral heads

                                               **Mean ([sd]{.smallcaps}) peak force (N)**                **Mean ([sd]{.smallcaps}) distance to peak force (mm)**                 
  ---------------------- ------ -------------- -------------------------------------------- ------------ --------------------------------------------------------- ------------- -------------
                                                                                                                                                                                 
  Test blocks                                                                                                                                                                    
     A (n = 7)           0.16   \-             1035 (46)                                    1020 (14)                                                              1.48 (0.12)   3.17 (0.63)
     B (n = 7)           0.08   \-              305.6 (28)                                   297 (16)                                                              1.2 (0.14)    3.19 (0.52)
  Femoral heads                                                                                                                                                                  
     DHS (n = 4)         \-     0.912 (0.15)   1377 (406.6)                                 \-                                                                     1.5 (0.41)    \-
     DHS Blade (n = 8)   \-     0.784 (0.18)   \-                                           1302 (513)                                                             \-            5.89 (2.14)
                                                                                                                                                                                 

\* BMD, bone mineral density (as measured on dual-emission X-ray absorptiometry)

The results from testing using the DHS Blade are shown in Table II. The mean peak forces reached in block A and in the cadaveric femoral heads were again similar (1020 N ([sd]{.smallcaps} 14) and 1302 N ([sd]{.smallcaps} 512.96), respectively), and the mean peak force achieved by block B was again much lower, at 297 N ([sd]{.smallcaps} 16). However, as shown by the force displacement curves in Figure 2b, the block A and block B test materials reached their peak forces at mean displacements of 3.17 mm ([sd]{.smallcaps} 0.63) and 3.19 mm ([sd]{.smallcaps} 0.52), respectively, while the cadaveric femoral heads reached their peak forces at a mean of 5.89 mm ([sd]{.smallcaps} 2.14). The force displacement curves for the osteoporotic femoral heads and block A can be seen to be very similar, with block B providing a much shallower curve (Fig. 2b).

Discussion
==========

The objective of this study was to determine if a synthetic bone substitute could provide results similar to those from cadaveric osteoporotic femoral heads when testing orthopaedic implants. The results suggest that block A, with a density of 0.16 g/cm^3^, provides a good alternative test material to osteoporotic cadaveric femoral heads, as it produced qualitatively similar force displacement curves for the DHS (Fig. 2a) and qualitatively and quantitatively similar force displacement curves for the DHS Blade (Fig. 2b). This same is true for the DHS Blade, although it reaches its peak force at a different point with the polyurethane test materials (means of 3.17 mm ([sd]{.smallcaps} 0.63) for block A and 3.19 mm ([sd]{.smallcaps} 0.52) for block B) than with the cadaveric femoral heads (mean of 5.89 mm ([sd]{.smallcaps} 2.14)). This may be due to the fact that peak force is not well defined with the DHS Blade, as the force displacement curve reaches a plateau early on in the curve and then continues along this plateau until failure. Where the peak force occurs along this curve can be therefore influenced by a small variation in the resistance of the test material.

Block B produced lower results than those recorded with the cadaveric femoral heads (Fig. 2). It is recognised that osteoporotic bone does not have one absolute value, but instead exists within a spectrum of values. However, the results achieved with block B were consistently below those achieved with the cadaveric femoral heads. This material is therefore a less suitable substitute for osteoporotic bone than the higher density block A (0.16 g/cm^3^). The most important finding in this study is that in using these artificial test materials, both implants produced force displacement curves that had a similar pattern of failure as those produced with the femoral heads. As the values of the forces reached before failure within block A were similar to those achieved within the cadaveric femoral heads, it proved to be a good substitute.

Another point of discussion is that it is recognised that patients who suffer an intertrochanteric fracture often are more osteoporotic than those who suffer an intracapsular fracture.^[@r17]^ As all the femoral heads that were harvested for this study were collected after hemiarthroplasty for intracapsular fractures, it is possible that the femoral heads that these implants (the DHS and DHS Blade) will be used in will be more osteoporotic than those used in this study. So the forces achieved with these theoretically more osteoporotic femoral heads may even more closely resemble those that were achieved with block A.

The number of femoral heads used in this study was relatively small and it is worth mentioning that it was not attempted to statistically prove this association between the block A test material and the cadaveric femoral heads. It is widely recognised that large interbone material property variations exist and as the mechanical properties of the cadaveric femoral heads also vary according to their bone mineral density, a large number of femoral heads may be required for any results to approach statistical significance. Therefore this would be outside the capabilities of this study.

Patel et al^[@r12]^ had previously investigated whether low\--density polyurethane foams are suitable for mimicking human osteoporotic cancellous bone. However, their study used quasi-static compression tests on polyurethane foam cylinders of different densities (0.09 g/cm^3^, 0.16 g/cm^3^and 0.32 g/cm^3^) in order to determine the Young's modulus, yield strength and energy absorbed to yield. The results from these tests with the synthetic polyurethane foam were then compared with the results of another study by Li and Aspden,^[@r18]^ which investigated the material properties of -cancellous bone from patients with osteoporosis. The comparison revealed that polyurethane foam of 0.09 g/cm^3^ was much weaker than osteoporotic bone, but that poly-urethane foam of 0.16 g/cm^3^ demonstrated compressive Young's modulus and yield strength values similar to the osteoporotic bone that was tested in compression.^[@r12]^

Further work has also been carried out on comparing synthetic bone models with cadaveric bone, such as in studies by Cristofolini et al^[@r3]^ and McNamara et al.^[@r19]^ These studies concentrated on comparing the mechanical properties of cadaveric whole femurs against composite femurs, whereas our study focused on proving that the artificial bone substrate tested was a good substitute for osteoporotic bone in cadaveric femoral heads by comparing the pattern of failure of the implants tested within them. We are also aware that there may not be universal agreement about the use of artificial materials as a substitute for cadaveric bone. Schoenfeld et al^[@r20]^ looked at the pullout strength and load to failure properties of self\--tapping cortical screws in synthetic and cadaveric environments representative of healthy and osteoporotic bone, and found that although trends may be similar, screw performance in synthetic models was markedly different from that in cadavers. However, we believe we have demonstrated that block A (density 0.16 g/cm^3^) can be substituted for osteoporotic cancellous bone and that the results produced with it provide a good basis for further testing.

Conclusion
==========

This study demonstrates that the 0.16 g/cm^3^ synthetic material can provide a good substitute for osteoporotic bone within cadaveric femoral heads when testing orthopaedic implants as the force displacement curves produced are qualitatively and quantitatively -similar to those produced within the osteoporotic cadaveric bone. We do recognise however, that even though this 0.16 g/cm^3^ material is a good substitute for this osteo-porotic bone, no synthetic material can be considered as a definitive substitute for cadaveric osteoporotic bone as large interbone material property variations exist with cadaveric bone, therefore studies performed with artificial bone substrates may need to be validated by further testing with a small bone sample in order to produce conclusive results.

This artificial bone substrate may then have a definite and valuable role in designing, planning and initiating studies which may still require a small number of bone samples to be tested in order to produce definitive results.
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